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Introduction 


Color vUJcn is an iuiere&ihg and controversial area of research, or as 
CorniWArt pot Lti Yew if any areas of scientific endeavor include more miscellaneous facts 
and more confused theoretical discussions than the area or color vision' (Cornsweet p. 205). 
Ir this paper I will present an introduction to this problem and and a brieF review rf the 
anatomy, physiology, and psychology of color vision, 

Color vision it the ability to discriminate between lights of different 
wavelengths in a manner that U independent of their intensities. Color is defined as a 
sensation, and therefore it makes sense to Talk about the color of a point id an image Only in 
terms of ptrctivtd cofer, or the sensation we feel when preserved with the same Stimulus. 

Ore of the major difficulties jn color vision If that the perceived color of any p OL nt In an 
image is not simply a function of the amount of light at various wavelengths at that point. 
If thLS Were true, OUr perceptions of cotor would change with variations 111 illumination. 
Instead, the colors we see usually cot ref pond to the surface properties of the objects around 
us. Thu is obviously a useful feature from the standpoint of survival, since it might prove 
dangerous to have our visual perception change drastically every time a cloud moved in 
front of the sun, If, on the other hand, our skin contained chlorophyll and our survival 
depended on absorption of light, perhaps our visual systems w DU ld he more sensitive to 
illumination than reflectances. 

We do not know how to compute perceived color for generalised scenes. 
One reasonable approach to this problem u to examine one of Che few devices that is 


capibte of accomplishing this fiuk: the human bnin. Unfortunately. man of 0U r 
information in this area concern* the first down celts in the human visual processing system, 
*hich IS normally called the 'visual pathway'. The next chapter of this paper wilt provide 
a brief introduction to the anatomy and physiology of this part of the bratn. In the third 

chapter, I will discuss the human color processing system from an overall behavioral point 
■of View. 

Color vision ifi computet! does not have to be a model oF the human 
bram, Jt | 4 quite possible that the most efficient way of processing color information in a 
machine is completely different from (he algorithms used in human beings. The most 
important requirement is that (he computer vision system should be roughly equivalent to 
the human one in terms of behavior. The computer should "see- the same colors as a 
human being- who is confronted With the same stimulus. I believe, however, that an 
understanding of the human visual system ism important first step towards achieving the 
goat of a general computer visloii system- 


The Basic Physiology o I Color V is ion 


In [hi? chapter [ would Ifte tp present a brief review of what Is Ifiown at 
this time about the initCflljf and physiology of the human visual system. The most detailed 
in for mat Lon in, this area concerns the wnnKtujnis of the eye to the brain* which are called 
the tenirai pathways. The optic nerves from the two ey« enter the cranium and then came 
together CO form the region known as the optU cfctatm. In the higher vertebrates, the ftbrrs 
from the medial (nasal) half of the eye cross over Ln the chiasm to connect to (he opposite 
half of the brain (see figure 2,1). This means that since the tens in the eye inverts the 
image, the left hair of the brain receives sensory information fram the right half of the 
visual field (see Casuniga). 



Figur* 2.1 Thi *nit!nyy *f Ihi VIlull Fithrty 


The optic nerve Fibers then form the fr«f which (In higher 








vertebrate?) project* Eo various areas of the brain. Mea of the fiten (about 70 to SO 
percent) connect to the lateral gmtculw uuetaj (LGN) in Che tbalmus, which sends fibers 
to the strwt cortex {or "primary visual artfA The majority of the remaining fibers go 
to the mptrtv ctfteuto and the prtuctal tcjb*. There ire nerve fibers which run from 
the superior collicufaii to the muscles of the cye r and it is believed that this is one of the 

areas of the bum which control eye movement*. The pretectal region sends fibers to the 
eye muscles which control the sue of the pupils. 

The available physiological evidence indicates that color information is 
transferal through the LCM to the cortex, In the next section of this chapter, I Will 

dKtribe P™P«>'« «f tta nervecell, or m*. The Kimlnmg .ectimi win del with 
ihe three petit of the visuei pnhwif: the retine, the LON end the male cone*. 

The Beuron 


The nervous system is mate up of a special set of cells wired nerve cells, 
or neurons. Although there are many different kinds of neurons, [hey normally have three 
parts: a c ill body which contains the nucleus, a long fiber or tfxon attached to the cel] body, 
and a set of short fibers or denfotu (see Figure ?^L The neurons interact at the juration 
of the axon of one neuron and the dendrites of another neuron which is called a synapse. 
The axon IS normally longer than the dendrites and may be up 10 3 feet In length. At its 
enn, the axon splits into many fine branches which end m CtrmJnai buttons. These branches 
may connect to [he dendrites of different neurons, and there may be multiple synapses with 



Figuj-fr 2 .£ Th* fi#wi J «rs { f rnn SlikHifinfii ], 

a particular neuron. 

All tells In an organism are mads up of a nucleus, cytoplasm and a 
imembrane which encloses the whole structure. The entire surface membrane of the neuron 
ii electriralLy pqlarined- the inside of the cell being some 70 to 90 milJlvolts negative with 
respect to the outside. This potential cs called the fKien.tial qr rejffng potenitat of 

the cell- A decrease In the membrane potential is called a dtpelxrtzGttin and an increase is 
called! a Ajptrpotartaum. One of the basic properties of the neuron is its ability to 
propagate local membrane depolarizations which are called nmw tjnpuhes or aciton 
ppctniials. In any particular nerve fiber, the impulses have essentially the same magnitude 
and form and they travel with the same speed Thus the strength of a nervous signal is 
transmitted by the frequency of the nerve impulses, and not by their amutitudes. 

The local depolarization lasts for only about one millisecond at any point 
in the nerve fiber, but propagates at a rate of [ to 100 meters per second. The speed of the 






impulur is related to the diameter of the anon. In genera, large fibers conduct at higher 
Velocities than small fibers. Some a sons are enclosed by a Sheath myeltn which has a 
high electrical resistance, These fibers can propagate action potentials at higher speeds than 
bare fibers of the same diameter. The myelin sheath has gaps in it called n odei of Rsnvitr. 
The actLrwi potential does not propagate down the entire axon, but ts formed only at the 
nodes. This is tailed wltatcrry conrfuerttm (from the Latin "saStare" which means to i^p}. 

The axnns of the retinal ganglion cells, which form the optic nerve, are rctyelLrratpd and 
very small in Vertebrates (about i to IS microns). This makes It very difficult To record the 
electrical activity of individual fibers in the primate optic hcrVe. 

The transmission of the nerve impulse across the synaptic gap between 
neurons is in rnost cases chemical, not electrical The endings of the axon release a 
Transmitter Chemical which produces changes in the posr-synaptic membrane. This change 
can take two forms: depolariiation or hyperputarlration, which arc called wri/afeon and 
inhibition- The dendrites of a particular neuron may be connected to the axons of many 
other neurons, some tn an excitatory and some m an inhibitory fashion. The post-synaptic 
neuron must reach a certain threshold level of dEpolariiation. tailed the gtnwmuv potential 
before it will fire a nerve impulse, The release of transmitter chemical from the endings of 
an axon is to some extent proportional to the frequency of impulses arriving at the synapse 
{UcValms I936) and the change in post-synaptic membrane porential is proper ion al to ihe 
amount of Chemical released. The theimcah released by a single impulse are generally 
insufficient: tn fire the Second neuron, SO there mu H be a summation of many different 
effects at die synapse and thus some analysis of the information coming in from the 


presynaptic neurons. 


I hn analysis can take on several Forms. If two neurons Synapse on ft 
third neuron, and both are excitatory, the output wjI! roughly be the sum of the outputs cF 
the two neurons. An unstlroulated neuron a never really at rest. There is always 
spontaneous firing;, jo that inhibition tan be seen as a dEcrease jn firing rate, Thus' if two 
neurons synapse on a third m an inhibitory fashion, there wilt be a decrease in firing rate 
proportional to the sum of the Firing rates of the two neurons Ef one axon is excitatory and 
one inhibitory, (he effect may he to subtract one from the other. It is also possible for an 
axon to synapse on another axon, An inhibitory synapse on an excitatory axon Is tailed 

presjwpilc tnWttm, and the effect may be closer to division than subtraction {De Valois 
1966). 

This combination of excitation and inhibition is very important in 
understanding the physiology of our visual information processing. As we shah see in later 
Sections, it has led to plausible explanations of JWKW Seemingly complex effects, such as the 
•hypcrcomplex cells in the visual cortex which respond to certain types of lines at specific 
orientations which move in a specific direction. 

The Retina 


Lighc enters the eye through the cornea, passes through the pupil and 
lens, and then falls on a photosensitive foyer at the back of the eye, which rS called the 
rema (see figure JJ). The retin* lJ actually a part of the brain which pushes out in the 


Figure J.S The DrAlciry of the eye tran Eya aq Jim) 
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■development of the embryo to meet the specif I i led skin tissues that Will Form the eyeball and 
lens (.Blakemore). There are five kinds of nerve ceils in (he retina: the far plan, bipolar, and 
ganglion cells which form the visual pathway in the retina, and the ftnrlxvntal and amaCTtnr 
cells which provide lateral interconnections. The receptors synapse with the hariionfal and 
bipolar cells* and the axons of the bipolar cdls synapse with the amacrine and ganglion cells 
(see figure £,4). There is also same evidence for direct receptor connections tn the primate 
retina. The axons of the ganglion cells form the vptti which mazes up SB percent of 
all nerve fibers entering or leaving the central nervous system (Ranson and Clark), 

One surprising fact about the anatomy of the eye is that the first cells In 
the visual pathway, the receptors, are at the very back of the retina. Light must pasi 
through the optic nerve fibers, blood vessels, and all the Other cells before reaching the light 
receptive cells. There are two different kinds of receptors: the r«fj which are responsible 
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primarcs (and many other animals) there 1 1 a special region of the retina. caiEed the fovea, 
which ii specially adapted for detailed vision. The human fovea is in the center of the 
visual field and contains only cone receptors. There are also Ho blood vessels over this area 
to interfere with the light Although the human fovea is only the sue of the head of a pm. 
and is only two degrees of the visual field, all of out high detail vision originates there. For 
example, the words you are now reading ate being TocusKd on your fovea. Human fovea I 
vision is very small in terms of the whok visual field, and is about [he site -of a -quarter at 
an arm s length (10 cm.) away from the eye. On the nasai s L de of (he eye, about 5 rnm (or IQ 
degrees of the visual field} from the fovra, is an area where there arc no receptors, called 
the blind }psi. This IS where Che optic nerve fibers leave the eye. 

The receptors in the human retina are a truly amazing feat of nature. 
They are able to discriminate brightness differences over a range of a billion to one. and 
yet, as Hecht demonstrated in 1942. the rod cell can be activated by the absorption of only 
one photon of light (see Comsweet). It has been known for over one hundred years that the 
eyes Of a frog (and many other animals)-con Lam a pigment which Is red, in dim light and 
Shat the color gradually fades, or bleatku when the eye was exposed to light. It is now 
known Chat this pigment, called rAod&pm 01 vtiuat pur pit, is contained in the outer 
.segments of the rod receptors. The cone receptor?, as a class, conram three other pigments 
Which are chemically similar to rhodopsirt but differing in .some important characteristics. 

The receptors a re composed of a Inner segment, much like an ordinary 
neuron, and * rod or cone shaped extension which is sensitive to light- The discrimination 
between rods and con« On the basis of the shape of this segment is good in some animal?. 


iuch as tine Frog, but inadequate in the human retina where the canes In the center of the 
fovea took mare like rads- Therefore, the differences between the two dassei of 
photoreceptive cells are normally based an two other criteria: that the rods are the cells 
Which contain rhodflpSin. and that the rodi are the cells which are active when the retina 
has been dark adapted for ten minutes anti is then exposed to dim light. 

A quantum of Nghl can be absorbed by, or In general activate, only one 
molecule or atom (W a fd !%&). Th, s means that the absorption of one photon by one 
rhodopsin molecule in a rod (winch contains about i million such molecules) i* enough to 
activate the receptor Cell. Exactly how this happens is unknown but there first part of the 
process, the photochemical rejctioniof rhodopsin are well documented. Ic has been 
discovered through the use of the electron microscope that the ptgmenubearing section of 
the rod cell is filled hy 4 membrane which Is arranged rn layers. Since adjacent layers of 
the -membrane are In contact with each other, it is evident that the pigment molecules are 
actually imbedded in the membrane {see Gorn sweet). R hod opsin is made up of a protein 
(an cpsilt) and the aldehyde of vitamin A, called retinal. Retinal lias a double carbon bond 
and therefore has two geometric configurations, or Isomers. The only action of the light is 
to change the geometric con Figuration of the retinal molecule from the IL-CIJ to the oil-trans 
isomer. All Other changes are dark reactions, which correspond to charges Jn the protein 
mblecule, and. the Final product is a, mixture of opsin and free alarms retinal. The 
molecule will lose its color during thu process, which of course corresponds to the bleaching 
Of the pigment Molecules in the final state spontaneously 


regenerate to form rhodopiirt, but thjs part of the process 11 slew. The first part (the 
photon changing the geometry of the retinal) iJ virtually irisLantanccus. The rest erf the 
process which leads to the separation of the retinal and opsin an believed to take about I 
second. The regeneration of rhodopsin. however, requires an average of & minutes 
(Cornsweet pp. 9|’96)- 


The geometry of this process is very Important. En the rhodopsin 


molecule, the retinal covert a pocket in the opsin (the protein), The cls-crans tsomeriiaiion 
straightens out the retinal and causes one end to come off the protein. The pocker in the 
protein then opens up, undl finally the tram-retinal Ls separated from the opsin (see Figure 
£J5). Most of th# speculation about how this process tnggeri the electrical activity of the r"* 
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are concerned with the opening of this pocket (see Cornsweet). One theory states that the 
opening cF the pocket changes the permeability of the membrane, permitting the flaw oF 
'ions as long as the pocket is Open. This could cause a change in the membrane potential 
which might propagate to other parts of the ceil. Another theory speculates that the pocket 
contains an active site of the protein that generates a chemical transmitter, and that 






opening the pocket release! this chemical VihLfh causes a depolarization or hyperpnlartiatjon 
of the membrane. 

The pigments of the eye absorb light in Utlly a small range of 
wavelengths* from about 400 to TOO nanometers (pm), which is called the vttt&lt sptetrum. 
Each oF the pigment! in the eye absorb different amounts of light at different wavelengths 
in this range, which Is known a? the tptitrd StmtiUHtfOf the pigments The spectra] 
sensitivity curve far rhodopsin has been determined from both psychophysical experiments 
and spectroscopic analysis of rhodopsin which has been extracted from the eye (see Figure 
2-G). Both of these- methods produce a bell-shaped curve v»ith a peak value near SCO nm (in 



figure ! .6 ipccLnl JinnliYitj Gurv* 'if h^n«r • no-Ue-p 1 ifi (re oti Vilrt ind Brntin} 

the blue-green part of the spectrum), The psychophysical experiments consist qf measuring 
the spectral sensitivity of the eye in dim light. This is why the two criteria mentioned 




earlier for distimilshing between rods and cone* are equivalent. In other words, in dim light 
the eye is absorbing light in only one of Its pigments, rhodopsm. and there car be no color 
perception. The foVea. which has no rods, IS therefore completely blind at night. 

There ire three cane pigments which have ihelr peak absorptions in the 
regions of !H0 and S70 run (sec Figure 2.T}, There is a great deal of overlap in these 
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absorption curves, and It least the latter two cone pigments absorb some light over the entire 
visible speccrum. Each cone in the retina of' a normal person contains one of these 
pigments, There are thereFore three types of cones, which are often called the blue, gtcen 
and red cones, This, however, can be misleading. The 570 m cone, which is called "red", it 
ngt limited in spectral absorption to the region we see ai red {600-TOO nm), and does not 
even have Us peak absorption in this area. This type of cone is In fad more ssemitive to the 










parf Of the spectrum we perceive as pure green (5E0 rvm) than lo pure red {&50 nm) I will 
therefore u M the notation recommended by UeYalois (Oevalois [973): L Cent (tong 
wavelength cone). M rune (medium), and 5 ant (short) to denote the cue types with peat 
Absorptions at 57Q t 540 and 445 rim. respectively. This seemingly arbitrary decision is 
important because the cones arc not "Color rtCEfton' but "tight receptors'. Each cone 
absorbs light from the whole vruble spectrum, ahd therefore color perception must be based 
on cells that analyte the information from more than one conE type 

There are About J£0 malison rods and abnur J million cones, but only about ] mJElLorr 
gangbon cells (or fibers In the optic nerve), so seme processing of the visual information 
must be carried out by (he retina. Tbe interconnections between the cells in the retina arc 
Very complex, and the theories about the roles that the different cell types play in retinal 
processing arc speculative at best. There are is a popular misconception that since there are 
50 many reds, each ganglion cell must receive input from a large number of red receptors, 
while each Cone il connected to only one ganglion cell. Therefore the rods have "party lines" 
ro the brain, while the cones get "private fines" Thu is simply not true, There is good 
evidence that each ganglion is connected to many rods, but ibis is also true for cones. Tbe 
activity of each ganglion cell u affected by ihe actions of a large number of comi, and each 
cone influences many ganglion cells. 

Because of the complexity of the pnmate retina, many of early electrical 
recordings of visual responses were from the horseshoe crab, timafEir {see Miller, Ratliff 
and Wartime), Although tbe compound eye of Ihe Limulus is much simpler than the eyes of 
vertebrates, it still clearly shows the effete of neural interaction. The eye of the Umulus is 


made yp of 1000 ommatidia Oltde eyeO, or racer j, The output of these receptors feed into 
eccentric cell* whose axons form ihe optic nerve without intermediate celEs, TherE are 
mutual interactions among the eccentric remind these interaction, art always inhibitory. 
This means, that when fight Falls on neighboring cmmatidja, the output oF rach is less than 
it would be if the same amount of light fell on ihat ommaiidia alone. The degree or 
Inhibition is proportional to the firing rare of the inhibiting neuron. and tends to decrease 
Wich the distance between the eccentric cells. This type of neural interaction, which is tatted 
lateral reciprocal inhibits seems CfUite simple and reasonable in terms of our understanding 
Df the neuron and synapse, and yet It leads to some seemingly complex effects. If there J* a 
sharp contour in the visual field sn that half of the receptors ate strongly illuminated and 
half are dimly illuminated, the response will rend to emphasize the border area. In the 
bright area of the field, there will be some decrease in response due to mutual Inhibition, 
but the cells near the border wilt be less inhibited since Some of their neighbors are 
receiving less light. This produces an increase in response on the bright side Of the border. 
Similarly, the cells on the dart side of the border will have more inhibition than dart celts 
far from the contour, which produces a decrease in response on the dark side of the edge. 
This phenomenon is often deceptively called "edge enhancement", which implies that the 
contrasc across contours is increased. The difference between the maximum and minimum 
response across the edge is actually about the same (see figure 2.$), The net effect of this 
phenomenon is that the information in the visual system is iransfered in terms of the 
Changes across boundaries in Eh? visual field. 

In recent years, e*perimeters have be™ able to record ihc electrical 
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activity of the cells in vertebrate retinas. The absorption of light produces a 
AyperpolaTtmtUm of the receptor tell. The changes Jn membrane potential if? not impulses, 
but a graded change which consists of an initial transient that decays to a Steady level. 

There is a also a small off transient when the light is removed. There are no Impulses in 
electrical potential OF the receptors, bipolar;, or ho: icon la I cells, which may be Hue CO their 
close prouLmlty to each Other, The hyperpola.riiat.iQn seen in the receptors is surprising Since 
the release of chemical transmitter at most synapses ii triggered by depolarization- The 
resting potential of the receptors is about 2C mV, and the change In potential is about: 5 mV. 
The receptor response seems to follow the relation: 

V/Vma* - !/(]■► K> 

where K Is about ADO quantafrod/seC for humans (see i,g Matr IS'M)- This is consistent 
with the data that show* the receptor* to be linear fin the tog domain) over a range of two 
log units (see Cornsweet pp. 251-253). In other ivords,. tfor output of the receptors seems to be 




















approximately [he logarithm of the intensity within & certain range. The importance of thii 
relation will be wen later in the discussion of the increment.!! amount of brightness 
necessary to discriminate between two areas in the visual field. 

The dendrites of the horizontal celb synapse with about 7 to \2 tone cells, 
The horizontal cell atari synapses with a large number of rod cells. Each cone L$ connected 
ro about & different horizontal cells, and each rod synapses with exactly two different 
horizontal cells. The electrical response of the horizontal cell i* also a graded 
hyperpolarUatlon. It is linear over 3 log units and saturates at a higher intensity when 
diffuse rather than spot illumination is used, which may be caused by a weighted 
summation of many receptors {Marr [974), 

There are several types of bipolar cells. Each type of bipolar cell 
synapses with either rods or cones. Each rod jynipwi with about two bipolar*, and each 
rod bipolar is connected to between 14 and 4b rods, The receptive fields of bipolar cells are 
divided into two concentric antagonistic rones. About half of the bipolars hyperp&larlie to 
central ilium in anon, and half depolarize. Peripheral illumination can reduce the response 
from the central region, but is not capable of producing a signal in the opposite direction, 
The magnitude- of ihe response is constant over a wide range of absolute intensities for a 
fixEd ratio of center to surround illumination. 

The amacrine and ganglion celts are the firstCells in the visual path that 
produce nerve impulse* instead of graded potentials. There are several kinds dF amacrine 
tells, which -differ in the size of their receptive fields. These cells respond best to sudden 
change* In the level of illumination, and give little response iq gradual changes. 


The receptive fields of the ganglion- ceil? ire circular and divided into 
two concentric antagonistic nektons csen Figure 2.9). The centers of the fields range in size 



from 0.| to ? degrees of visual angle. With the surround being somewhat larger. The sine of 
the receptive fields of ganglion cells are smallest m the center of the fovea, and gradually 
increase toward the periphery of the retina. The ganglion cells have been tradition ally 
separated into two groups: on-cmter cells that respond ro illumination In the center of their 
field, and off-center cells that respond best to a dark, region on a light background- More- 
recent work has shown that there are three distinct types of ganglion cells: the W-ctU t X-cell 
and the Y^ctlU Little IS known about the W'-cells, except that they seem to he motion 
sensitive. The axons of the W-celts project to the superior colliculus and therefore these 
cells are probably not an important factor in color perception. The response of rhe X-eells 
in bright light correspond to a linear summation of Inputs from two concentric antagonistic 
fields (as described above), They are relatively Insensitive to flicker over a wide range of 
frequencies The Y-cells do not respond well to stationary oonttast, but are very sensitive to 
movement and flicker. The axons of the X-cells and Y-oells project to the LGM, and their 
importance will be seen later in the discussion on the cells in the visual cortex. 

In bright IJghi„ the X-ce3U and Y-cells exhibit center jo rround field* of 


bat]i The on-cehter and ofE*-center type. This effect. however, is not present in dim Jig he. 
Thu change can not be explained in terms of a "swltch-CYer' 1 from cones to rods, since it 
Occurs at light levels where the cones arc active {Brindley p. &7}. 

The fpeciiat sensitivities of the ganglion cells In a light-adapted eye are 
com pies,, and do not seem to fall into simple classes that correspond to the spectral response 
curves Of the receptors. The spectral sensitivity can be altered by adaptation with 
monochromatic light, which Indicates that the ganglion cells receive Input from more than 
one type of cone cell. Most of the data on the color properties of the primate visual cells 
comes from the LGN tf monkeys, which Will be discussed in detail in the next section, Most 
Of the evidence, however, indicates that the spectral sensitivities of the primate ganglion cells 
are similar to those found in the LCM. 

The JLGTl 


The lateral geniculate nucleus (LGN> contains the fourth neuron In the 
visual pathway,.and acts as a relay station between the retina and the visual cortex. During 
the last fifteen years, DeValois and his associates have made extensive recordings of the 
spectral responses of the LGN ceils of the macaque monkey, which has a visual system that 
IS extremely similar, if not identical, to that of man (DeValoii DeVatgu has Compared 

the physiological properties Of the macaque LCM cells to the psychophysical studies of 
human col-ot ptrCeptmri, which has produced some very in IciestiEig tCSUlts. 

The ceLls in the LGN fire spontaneously In the absence of light. Flashes 


pf light of V arioui wavelengths will tend to increase or dnrcu the rite of firing, De Valois 
classified the LON cells according tp whether the effect j S excitatory, inhibitory. or both. 
Some 4lh showed excitation (or Inhibition) to light of all visible wavelengths. These 
which show uniform response* tp alt frequencies, are called the celh. Other 

cells, which are called iptctrally opponent, show escitation to some wavelengths and 
inhibition to others. Thu opponent nature of response is maintained over a large range of 
illumination, and therefore these cells are responsive to differences in color, not illumination. 
About 30 percent of the cells studied Were o t the non-opponent type. Of these, 
approximately half were excitatory and half inhibitory. 

There are four types n: spectrally opponent cells, which are classified, by 
the wavelength* that produce maximum excitation and inhibition. One type of opponent 
cell shows peat excitation to light of about 63Pnm and maximum inhibition co 500 nm 
light. Since 650 nm is normally perceived as red and 500 nm green, this cell is called {*R - 
G). About the wine number of cells show the mirror response (maximum excitation at 500 
nm and maximum inhibition at 630 nm) and are tailed the (+G -R) cells. The ether two 
type* of cells have maximum excitation and inhibition to light OF boo nm (yellow) and doo 
nm {blue), and are called the (*B -Y) and (>Y -B) cells (sw figure 2.10). 

There is a large amount of interest (and very little agreement) on the 
matter of which cone types provide input to the various LGN cells. Most of the evidence 
indicates that the RG cells f*ft -G and -G -E) receive inputs from the L (570 nm) and S (HO 
nm) cones, which were discussed earlier, One pf ihese rime types is excitatory and Che other 
inhibitory. For example, the (+R *G) tell receives excitatory input from the L cone and 
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Inhibitory input from the M cpne. The response or the <*R -G) ceil is thui dependent tm 
the difference between the excitation from the L cone and the inhibition from the M cone. 
This means that the -maximum excitation of the (+R -G) cell, it not at 570 nn, where the L 
cone produces maximal ex citatum, hut at 640 nm where the difference between the 
excitation of the L cone and, the inhibition of the M cone it the ^reaiest. Similarly, the peak 
Inhibition of the f+R -G) opponent cell h not at the peak value oF the M cone (b^Q nm), but 
























At 550 nm where the difference between the two rones is maximal. The effect of this 
opponent organiiatioci is to separate the paints of maximal response of the cell, compared to 
th*££ Of the recepfon- 

There is general agreement.that the YE Mils {*Y -B and +B -Y) get input 
from the 3 cone, This leads to three different theories about the inputs to this cell: the S 
and M rones, the 3 and L cones, and all three cones. There is -some evidence to support 
each of these theories, and it is not clear at this time which is correct, it ii not immediately 
obvious that the non-opponent LGN rolls must have multiple cone inputs. Evidence from 
the shape of the spectral sensitivity curve and chromatic adaptation experiments, however, 
indicate that these cells receive input from both rhe L and M cones CDeVafeis. iEf?3)_ 
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FiSMi’il Ml Cnn« input* to tn* LSI Cel l.j (f run j«VilaU 1371) 

When the eye it dark adapted, many of the cells in the LtJN, both 
opponent and nwi-&ppOhrnt, have spectral sensitivity curves Similar » that of rhodopsin. 
This indicates that the LQN cell* related to the non-foveal part of the retina receive inputs 
from both rods and cones. This finding is consistent with the anatomLcal and physiological 
evidence about the retina, which was discussed in an earlier settLon of this chapter, This 


rod-oon* interaction could lead to tanchrwiulte (four color) vision, and them t, indeed 
S ™ ^dence that rhi, happ.ni in the periphery of the ey* The <*,* factions between 
rod and cone inputs to a LCN cell i, not well understood at this t,me, and it is belied 
t>vat the ganglion ceU tends to minimise the extent to which rod and cone merges are 
simultaneously tran Emitted down the same channel (De Valois tafty 

The spatial organiiatiMi of the receptive fields of the LCN cells is a 
center-surround field similar to the* Found in the retinal ganglion cells, The no^pponmt 
LCN cells have either an sadiatory CMter , nd inhibitory surround, or an inhibitory center 
and ™ e!(£il4tory surraurtd ' w ' (h don**™ «n both cases when the whole field ,s 


stimulated. The receptive fields of the opponent cells fail into two categor.es. The majority 

°f ** CT7 pErCe " C} are of '■ *** have excitatory input from one cone type «n the 
central reg.cn and inhibition from another cone type in the surround, or vise versa, Most 
Of these are SG celts, and all four P^.ble combinations of field organic are found; 
red excitatory center arid green Inhibitory surround, esc. Only a few ceils were found wih 
blue «c,UtOry center and yellow surround, and none with the reverse, or blue surround. 

In the Other kind of receptive field organi Ht i«i. Tyf* 2, the inputs from 
the opposing cone types have identical spatial distributions. This means that at every point 
in the field, there is a balance between the excitatory influence of one cone type and the 
inhibitory influence of the other cone type, ft is not clear whether the cones that project to 
i Type L cell actually lie in discrete areas of the retina. By chromatically adapting the eye. it 
has been demonstrated that the cone type in the surround is also present m the enter, and u 
actually most sensitive in the central region of the field. One explanation of this 


T'TPE I 

alls 


K <«iM 


■ 3 C : I i r.' - 


kr^ 


L ’«■' 




ttpe n 

L.'S.Ni **'■* 



Cje I a 1 1 11 n 


IftM^ ; gn 



AVwnnliye 

^i':jnniri 2 llu: , i 
i :■ explain 

TVPE I 
L.H.h. .tils 



I 

U -mu 


Hgibirn t.\i orgin:j'.iur. at L-jh calls (Trcn Ha^'ilcns liij’Sj 


phenomenon (.shown tn figure 2-12} Is that both type* of cones have their maximal 
sensitivity In the center, hut that the central type cone ha* a much higher peak. This mean* 
that the receptive fields of both Type ] and Type 2 receive inputs from cones over the 
entire field, but in the Type 1 field one of the tone type* dominates the central region. 


The Striate Cortex 

The itriite or visual cortex it the area of the bratn that receiver mbst of 
the visual information from she retina, It Is composed of a Earg# thin plate of pay matter 
which is arranged m a large number of folds. The plate Is made up of a number of 
distinct layers. Fibers from the optLc nerve project to arras of the cortex in a systematic 
topographical manner The axons from the LGN synapse with the tells of the fourth layer 
of the striate cortex. The cells of the third and fifth layers send out fibers to other parts of 










the brain. Most of the connection* between cortical ceEls ire in a direction perpendicular to 
the surface, and lateral connectioni are usually -qu-tte short CHube-l). This mean* that the 
retinal projection! of an oprlc nerve fiber will affect only a -small area of the cortex. and the 
cortical cells will normally have small retinal receptive fields, 

Hubei and Wiewl have made extensive recording of cells in the -striate 
carte* of cats, They have classified these cells into three groups: simpfe, cmplfx, and 
hyptrcomptix (see Hubei). The Simple cells react best to line Stimuli (bright lines, dark lines, 
or boundaries) at particular orientations and position* id the visual field. For example, a 
particular simple cell may respond only to a daik line an a light background, It will fail to 

■i 

respond if the orientation of the line or its position is changed- The simple cells are 
distinguished from the other types qf cell* by the fact that their receptive field* can be 
divided into distinct regions of excitation and -inhibition whose input! are summed in a 
linear fashion (see figure £.13). In other words, a bright spot Lri the excitatory region of the 



Figure 3. S3 Staple cell receptlra field n-ruinUlfien 

receptive field will produce the same responce as a similar spot in mother part of the saroe 
region. Two spot* of light in the same region wilt produce twice the response, and if one 
spot is placed in each region, there will be almost no response. The comply cells also 
respond to lines, ban and edges as particular orientation 1 . Unlike simple celts they are not 






as sensitive about the exact pcKJtloni of the line, and also respond with sustained firing to 
moving- lines. The- hypsrcompleK cells ire similar to the complex cell?, but respond only If 
the Une is terminated in chelr receptive fields. 

The cortical ceils are functionally arranged in ccf limns perpendicular to 
the surface. There are no visible separations between columns, tut this term is usoful 



*re aligned, This combination might Faim the line detector mechanism of this cell {see 
figure 214). It is further specula red that the complex cells of the cortex synapse with the 
simple celts in one column, which would explain their orientation sensitivity and 
independence of exact Visual position (Hubei), it is also passible that the Inputs to the 
simple and complex cells come from the projections of the two different kind of ganglion 
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«rlli that connect to the LCN: X“tills projecting to the simple cortical cells, and Y“tells. to 
the complex ones, This would explain the difference in the response of then? cells to 
moving stimuli. 

The original work in this arra nas done on ears* and was not concerned 
Mth the spectral response -characteristics of these cells. Wore recent studies with monkeys 
have found some cells of both the simple and complex type that are color sensitive (Zeki 
19^3^ Hubei and Wiesel found that Only about a quarter of the Simple Cells and 10 percent 
of the complex «Hs thoy Studied in the macaque monkey Stem lo be concerned with color 
(De Valois 19^). The best stimuli for these cells were also lines, ban and hnrders, but the 
region i in these fields must be have specific colors. Mapping the receptive fields of cortical 
cells Is a tong and difficult process which often takes hours for each cell. Because of these 
technical problems, there has not yet been enough research done on the color properties of 
cortical cells to get a clear understanding of their nature, ana the functions that color plays 
in their processing, 






The Psychology of Color Vision 


This chap LET Will deal with (he behavioral stunts of color vision and 
hDW the); relate 10 the physiological data presented in the fast Chapter. These experiments 
use three gmeral technique!. In some tests, the subjecta 'null detected and responds 
when various stimuli look the same. Color matching experiments fall into this category. In 
other tests, the subject ii asked to respond to "just noticeable differences" (JND'sJs 
Wavelength discrimination experiments are of chis type. In the third type of tcsr . the 

subject is asked Co describe hil (or her) perceptions 6f Various Stimuli. This is how data on 
Color naming u obtained, 

Psychologists think of color m lerms of ^ue, salutation, and brightnen. 
Hue refers to Che color name associated with a visual sensation- Saturation is a measure of 
the purity of a color, or its difference from white. Brightness refers to the perceived 
intensity of an object, and is often called light*™. Alt three of these factors vary with 

changes in the wavelength qf a stimuli and changes m the spatial ferginlution of objects 
in the visual field, 

I will begin this chapter With a dutUSsLoni of tfichromacy, CoFur h Fi nd ness, 
and some qf the different theories which attempt to explain these phenomena. The 
following sections will deal with the three factors (hue, saturation, and brightness) defined 
above, and how they relate to some physiological data from monkey l_GN cells. 


Trjdiromacy and General Color Theories 


Tli? first major psychological experiment on color perception was 
performed three hundred years ago by Sir Isaac Newton. Ht disepvered thal praj(C[inff 

^hite light trough a prirm produces a spectrum of colors, Which may b P [hen combined to 
form White light by using a second prism. He also noticed that a color can be produced by 
combining various other colors together, and that there are an infinite number of such 
combinations. Oh which produce the .same Sensation. White light may bo produced 

by combining certain pairs of wavelengths, called cmfUwmmr) c^err, and there are an 
Ih finite number of such pairs, Newton also discovered that any color could be matched by 
adding together three other color* which it known as the tri-color, or tUchrmMft theory of 

color vision, This theory was refined and put in essentially its present form by Young (1620) 
and Helmholtz ([867). 

Thli means that if color perception is defined as "wavelength 
discrimination in the complete sense of the word, we are all color blind- The existence of 

metameri is actually quite useful, since without it we would not have color priming or color 
television sets. 

The retinas of some people contain only rods, and they therefore have 
only one visual pigment, rhadcpsln. The special sensitivity curve for rhodopsin is roughly 
hell shaped with a peak around K# nm Giveh two lights at different wavelengths. U will 
always be possible to adjust ihetr Intensities to produce the same sensation. This conclusion 
Is based on the assumption that Lh« wavelength of a photon will determine the probability 


that It. will bp absorbed b-jr a pigment molecule. but that ones absorbed it will produce the 
same effect an the receptive celt aj any other photon. People With this type af vision are 
■called tfldJttvArdPKirJ, and are completely color blind- Thu |j also why people with normal, 
•color vision can nac discriminate colors in. dim tight 

If a person can match a light of any wavelength to a combination of two 
ocher llfht sources, he has dUAronjtlc vision. Most color blind people fall into this category. 
The presence of two visual pigments U a necessary, bin not sufficient condition for this type 
of vision, The spectral absorption curves of the two pigments most overlap, or it will be 
possible (O find two primary wavelengths af light that Will not match an arbitrary third 
wavelength (see figure W). Also, if the spectral absorption curves of the two pigments are 



Fngurt }.] Hypothetical iptctnl ip* prftlgn curutt f pr a >0 DlyAtAt non 0 Ch rffnat * (ft lee 
that h« s#nij i n*1 i t} ii o 'f A d *14 9 will produce the sure - e: p nn* c as C. If ■ person had these 
pigment*, ha would* hi a,plp To di*tlrgu1*n bp'ipin ( B a light I IT ei£l> pns stiryt »tefl or 
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multiples of each other, the person will have monochromatic, not dichromatic vision. 
Assuming that theie conditions are met, the determination of the internsities necessary Co 






match two lights of wavelengths A and B tq a third light of wavelength C h reduces to 
finding tht solution to two equations in two unknowns (the intensities of the two lights). 
This Solution may hive 3 negative vita. For example, JF the intensity of %ht B 11 

ntgitivE, this means that adding that amount of light to C will produce a match with light 
A. 

A person with normal color vision is able to discriminate the difference 
between two patches of light when one of them contains one wavelength and the other a 
mixture of two wavelengths, regardless of their Intensities (assuming the lights are bright 
enough ra stimulate the cones). Given four light sources of various wavelengths which can 
be mixed m two patches, a person with normal color vision will he able to adjust three of 
the intensities TO produce a perfect match between the patches. This is called tritfamatk 
vision. This is the basis of the trichromatic theory of color vision which states that there 
are three different visual pigments and three “color channels'involved an the perception of 
color, . 

The theory in its simplest form states that the color of an object is 
determined by comparing the outputs of these three channels. The advantages of the 
trichromatic theory are that it Is simple and agrees with OUr present understanding of the 
pigments in the retina. It also provides a plausible explanation of the matching experiments 
described above. The disadvantages of this theory ue that it fails to explain color 
constancy, color contrast and Several other major perceptual phenomena involved in color 
vision. Color constancy refers to the fact that the colors we perceive remain roughty 
constant over a large variety of illuminations. In other words, the colors we see tend to 


■correspond to the surface properties nf objects and not the light falling on cbEm. Color 
contrast refers to changes in the perceived color Of in area which are caused by the effects 
Of IW iUrround, These eFfectt will be discussed in detail in the other section* of this 
chapter, 

The other traditional theory of color perception is called rhe tppvntnt- 
prsttis theory, which was originally stated by Hcring in 18ft. In this theory there are also 
three types oF receptors and three channels. The difference between the two theories, in 
their present form, lies in The nature of the channels. In The Opponent*process theory, rhe 
Channels convey information Oil three type* of epponent activity: red-green, blue-yellow, and 
white-black {see Huivlch and Jarman}. This agrees with the evidehcc from the LGN ceIIs, 
and will he developed Further in the neat section. 

Both of the traditional theories assume chat the color that is perceived at 
any point in the visual Held is based on the spectral properties of ihe light striking the 
retinal image Of that point. Color Constancy and contrast efreet* arc treated as anomalies. 
The colors we see correspond to the reflectance of the surface oF in object, and yer thtre is 
no way for the eye to sense thU directly. The light incident on the eye is the product of the 
intensity of the light illuminating an object and the reflecTance of the surface of the object, 
These two components of image intensity differ in their spatial distributions. The Incident 
illumination will normally vary smooch ty over ao image, and the reflectance will change 
sharply at the boundaries between objects and remain relatively cohstanc between such 
edge*. This mean? that the Contrast icroa an edge in the Visual Field ts proportional to the 
ratio Of the reflectances Of the object* adjacent to the edge. 


Edwin Land has proposed another theory of color perception, the Ttiintx 
mtfdtt. Which is based Oii a process of removing the effects or variations in the illumination 
component of the intensity (Land ISCS). He proposes three sets of sensors and three channels 
(or retineKes). The output of each set of sensors is processed independently to remove the 
component of Intensity due to Illumination gradients. The result of this processing, which is 
calied iighlness, is conjectured to correspond closely to the reflectance of the objects in the 
visual field. The color of an area is found by comparing the output of the three channels, 
and is therefore no longer dependent of the spectral properties of light incident on the 
reruna, There have been several methods proposed for the computation oF lightness (Land 
197], Horn 197-'b), but they aie all based on the assumption that the major discontinue I« in 
reflectance occur at the edges between objects in the visual field. These methods are 
designed to work on a special type of image, tilled a MmUrfan (named after the Dutch 
painter Pieter Cornells Mondrian), which has large Suras of uniform matte color and sharp 
boundaries between the areas. Thu Computation of lightness teems plausible, Since (as we 
saw in the last chapter) the informa Eton in the later stages of the visual pathway seems to be 
in the form Of effects across edges, and not absolute values at each point in the visual field. 


f|U£ 


In this section I will discuss three types of experimental phenomena (hat 
deal With the relationship between hue and wavelength: color constancy, color contrail and 
hue Shifts, Perhaps the most amazing feature of She human Visual system Js Its ability to 


with krg e variations in illumination. The hue of an cbjecr rrma.n* r*b rt v e 1 y constant 
W3ttl lif S* chan « ts in the spatial and spectral^lit|„ the fight illuminating it. which ii 
kn 0Wn a* color ^sranty. Land davefoped a very s.mple experiment for tes ting (hls 
p^omtnon {Land and McCann). He ilMmlnatod a picture mad. of plEHa of « 1nr «, 
paper tvith a set of chromatic light schisms. The light reflected from each piece nF paper is 
JUSC a combination of light at the wavelengths of the light sources, where the amount of 
Itfcht at each wavelength is determined by the pigments on the surface of the paper. In 
other words, if the only light source is 'red' light, the only light reflected off the paper will 
be some amount of red light. This means that by varying the intensities of the fight 
sources, he was able to change the spectrat properties of the reflected light. The observed 
hue Of each of the pieces of paper remains almost constant even with large changes in the 
intensities of each of the light sources By Ui ,n g a photometer and filter*. Land was able to 
measure the amount of light at arty wavelength reflected off any part of the picture. The 
f Liters used tn these experiments have (he same spectral properties a, the cone pigments rn 
the human rain*. He measured the light reflected from a white piece of paper, and was 
then able to Change the intensities or the light source so that a piece of paper that was 
perceived as red had the same photometer readings through the filters. The hue of the 
paper was still red, even though it was reflecting the same light that looked 'white" earlier. 
This contradicts the simple form of the trichromatic color theory, which ays that white l.ghr 
i* white light, and should never look red- 

Land then «t up a red light at one side of the picture and a gr«n light 
m tht other i.i«. Bj using tbit tide lighting, he see, iblr to produce Urge intensity 


g radients of each type of light across the picture, There now was a red area (on the side of 
the picture near the green light) which produced the same photo-meter readings through the 
falter* as i green area {on the red Side). This also contradicts the trichromatic theory since 
these two area* are producing the same local stimulus to the receptors in the eye and should 
therefore look the same. The opponent-process theory provides no help since is also assumes 
an equivalence between color and local spectral properties. The retlnex theory explains this 
phenomenon since it removes the effects Of the intensity gradients Of the red and green 
lights. 

There are two types of color contrast effects: rimci/tan fpm: and jucraiimff 
■contrast Simultaneous contrast refers to changes in the hue of an area caused by the ef Feels 
Of the region surrounding it. For example, a small gray spot on a red background will be 
perceived as green. The change in hue due to simultaneous contrast is in the direction of 
Che color which is enmplsmentary to the hue of the surround.. If the surrounding region is 
small In relation to the central area, the hue change may be in the direction of the color of 
the surround, which is known as Ufttb/fannul Jimliltidt. One of the smndaid 
demonstrationt of simultaneous contrast is the- idortd j k$dmn experiment Two projectors 
are aimed at a white wall, A filter is placed in front or one, so that one projector emits 
White light and one red light If an object is placed in from of the wall so that it casts two 
shadows, one shadow wist be red and the other jrffji. In the area of the wall corresponding 
to rhe green shadow the object is blocking out the light from the red projector, thus (his 
area of the white wall must be reflecting only the light from the white projector, White 
light reflecting off a white wall should loo* white according to the traditional theories, bur 


tht effect of the surrounding red light makes it look green. 

Land modified this experiment by placing black and white negatives in 
front of the two projectors. If the negatives are property made and aligned, a whole gam tit 
of colors appears, which Is known as the tffni. Each are* of the picture is ref leering 
a combination of red and while light, 10 according to the traditional theories the only hues 
5wn shou1d b * shades of red. The intensities of each projector may be varied over a large 
range without affecting the perceived hues. This effect cart hr produced by various 
combinations of wavelengths In fit*, Land w« able to produce the whole range of hues 
with two monochromatic light sources that are normally considered yellow: 579 nm and 599 
nm (see Land 1959), That means that the only wavelengths of light reflected off the objects 
Were 579 and 599 nm, but all the hues appeared. Traditional color theorists have tried (O 
explain this e: feet in terms of simultaneous color contrast and color mjxLftg, ic red 

produces green from contrast, and red and green mbt to form yellow, which can produce 
blue via conrrasi. etc. 

Successive contrast is what is normally known as color afterimages. If 
you stare at a red light for a minute or » and then look at a white piece of paper, a green 
afterimage will appear. A familiar demonsiratmn of this phenomenon is the green, black 
and yellow picture which produces art afterimage of the American flag. The traditional 
explanation of this effect ts in terms of chromatic adaptation. In other words (he red light 
changes the state of the red cone system, making it lets efficient in the tool *rea that 
receives the red light When you look at the White piece of paper, that area will appear 
gran because rhe output from the green system will be stronger than the led one. In terms 


at the chromatic theory, tt U difficult to explain why the color seen it always the 
complementary one. The -opponent-process osodel is perhaps, better since it says chat the 
adaptation will effect Che opponent color channels, so that red changes to green and htlle 
Changes to yellow. The color seen will often change baclt to the Original color after a while, 
which Ji called meetstitis similitude and It is possible to see several such successive reversals. 

The perceived hue of a monochromatic light will change with variation* 
in its intensity, which is known as the Bftold-BTuckt phenomenon. Long wavelength light, 
for example, appears red at Inw intensities and appears more yelfawjsh as the Intensity of 
the light ]■! increased. Lights of wavelengths greater than 577 nn or between 475 and 503 
nm appear to decrease in wavelength with increases in intensity; and those between 566 and 
5TJ nm or leu than 475 nnt appear to increase in wavelength (Brindley p, 145). In other 
words, the hue of a monochromatic light will appear to go towards the hue of 475 or 575 nm 
light. These Two wavelengths Correspond to the crossover points between the inhibition and 
excitation of the RG and BY celts tn the LGN (DeVatois 1973). 

DeVatau has made extensive comparisons betw M n the electrical 
responses of rhe LGN cell* and psychological Ksts on hue discrimination, A subject is 
shown a flash of monochromatic light and asked tq describe its hue with one of four color 
names: red. yellow, green or blue. DeValois measured the relative activity rate of the four 
LGN opponent cells to flashes of light at various wavelengths, and compared that data to 
the color names chosen in the psychological experiment (see figure 5.2), The similarities in 
the response curves indicate that (he color name used for This type of stimulus is closely 
related to the relative response of the opponent type cells in the LGN 
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Saturation 


Tti* moit saturated {or purest) light of any given hue is rnoppchromsiEJc 
light Cumhinatlom of various wavelengths of monochromatic: light will never produce a 
more saturated color chan a monochromatic (or spectral) hue. The saturation of a spectraT 







color vane* with the wavelength of the stimulus. Behavioral: data on saturation sensitivity 
is based on matching experiment! Thrst tests show that long and short Wavelength lights 
appear to be much more saturated than light From the middle of Visible Spectrum. Yellow 
light {around WQ nm) appears least saturated. DeValols has speculated that saturation is 
measured by comparing the outputs of the Opponent and non-opponent LGN cells. Adding 
white light to a stimulus will affect the non-opponent cells much more than the opponent 
cells. Figure SJ shows a comparison between the behavior saturation curve and the ratio of 



Figure 5 .J A canpii-Hifl at the hjmirv Jit'intlon function (14144 ItneJ *nd 
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activity of the opponent and non-opponent cells. The close correlation nf thee curves 









Philology arid Psychology of Color 


David Turner 




indicates that [he nan-opponent cells are signalling brightness information and the opponent 
cells, color information. 
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FigurE i.q Sp*ctrEH JEnJltitlgitj pf npn-eppflfttit LGN ceIJi plotted BSHlnst tne 
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Brightness 


The third Factor in color perception, bnghtncis, also varies with the 
wavelength of the Jtlmulus. Flashes of long and short wavelength light do not appear ai 
bright It light from the yellow-green part of the ipeemiro There hive been many 





behavioral dTOlrtratimu of this phenomenon. The relationship between ‘WaVclengrh and 
apparent brightness of a rrash (of bright light) Ls (mown, as the phetopk luminosity corvf, 

DeVabts compared thli curve to the spectral sensitivity curve of (he non opponent cells in 
the LGN (see figure 5.4). 

The close fit CKf these Curves is Another Indication (hAt these non-opponent celts Signal 
brightness, not color. 

The Stimuli in these experiments were brief flashes of monochromatic 
light. The brightness of an Area of the Visual field depend* not only on the wavelength 
and intensity of the light hitting the retina, but also to a forge extent on the intensities of 
the regions around it A dark background will make a region loot lighter than the same 
region on a tighr background;, 
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